We discuss the transverse momentum distribution of J/ψ mesons produced in Au + Au collisions at the top RHIC energy. We argue that the data on the corresponding spectra do not necessarily imply an essential non-thermal J/ψ emission: the peculiarities of the spectra slopes at RHIC can be interpreted as evidence for flow fluctuations of thermal matter formed in A+A collisions. We present a blast-wave model analysis including flow fluctuations and demonstrate that the transverse momentum spectra of J/ψ, φ and Ω hadrons measured at RHIC can be described well if freeze-out takes place just after hadronization for these particles.
Introduction
Charmonium production is considered as an important messenger of the deconfinement transition in heavy ion collisions. In the original investigation the suppression of charmonium was proposed as a signal of the quark gluon plasma (QGP) due to the melting of charmonium [1] , see for very recent reviews Refs. [2, 3] . Alternatively, the charmonium yield is described as due to statistical hadronization at the phase boundary [4] . In the corresponding statistical hadronization model (SHM) the J/ψ multiplicities at SPS and RHIC energies are well described for different centrality and rapidity bins; the basic points of SHM and its current development are presented in reviews [5, 6] and references therein. The SHM assumes that the charm quarks are produced in primary hard collisions and that their total number stays constant until hadronization. A crucial hypothesis of the model is thermal equilibration of charm quarks in the QGP, at least near the critical temperature T c . The charmonia are then all produced near the phase boundary 1 . Because the momentum spectrum of J/ψ is nearly frozen out at T c (the typical cross section of J/ψ with co-moving hadrons is at most a few mb [8] ), the measured momentum spectra of J/ψ mesons contain valuable information on details of the hadronization process in the strongly interacting medium. For instance, if formation of J/ψ proceeds as assumed in the SHM, then the momentum spectrum of J/ψ is expected to be locally equilibrated in the vicinity of T c . On the other hand, if the super dense matter formed in A+A reactions contains a significant portion of J/ψ mesons produced at the early stage of the process in hard nucleon-nucleon collisions, then the final J/ψ spectra can contain two components, as, e.g., in the model [9] : direct J/ψ and secondary thermal J/ψ produced at the stage of recombination of charm quarks. The shape of J/ψ momentum spectra will then be, in fact, non-thermal. Also, in the latter approach, the multiplicities of hadrons with open and hidden charm do not coincide, generally, with those predicted in the SHM.
Recently the PHENIX Collaboration published results for J/ψ production versus centrality, transverse momentum and rapidity in Au + Au collisions at √ s N N = 200 GeV [10] .
The analysis of these data in Ref. [5] by means of the hydro-inspired blast-wave model [11] demonstrated that a simple blast-wave model parametrization of the freeze-out does not fully account for the results measured by the PHENIX Collaboration on J/ψ transverse momentum spectra despite of success of the SHM in the description of multiplicities. On the other hand, the fit based on the two component model [9] with the blast-wave parametrization of transverse momentum spectra for secondary J/ψ, describes well the momentum spectra of J/ψ [12] . However, the portion of primordial J/ψ that were not melted in the QGP seems to be too big in this model: about 50%. Note that a good description of J/ψ spectra can be also reached without assumption of thermal equilibration of the secondary charmonia. If recombination of charm quarks is based on the coalescence mechanism (for review see, e.g., [13] and references therein) then the secondary J/ψ are not thermal even if charm quarks are considered as thermalized ones [14] at the hadronization stage. The later scenario is realized, e.g., in Ref. [15] where the recombination coalescence component of J/ψ spectra was calculated based on the kinetic coalescence model of Ref. [16] . However, though recombination contribution describes well the low p T region [15] , significant primordial J/ψ production is again required to describe the high p T region. 2 It seems that further studies of the problem are needed to understand whether J/ψ mesons emitted in relativistic heavy ion collisions are thermally equilibrated and to which degree.
In the present letter we advocate the local equilibrium distribution of J/ψ at freezeout stage near T c in accordance with the statistical hadronization model [4, 5, 6] . While multiplicities in this model were described in Refs. [5, 6] , our aim here is to demonstrate that transverse momentum spectrum slopes of J/ψ mesons at midrapidity can be described by hydro-inspired parametrization without essential primordial J/ψ contribution: the latter is questionable taking into consideration recent results [7] as for J/ψ melting in the QGP. The article is organized as follows. In Sec. 2, we present the results of blast-wave model fits to describe transverse momentum spectra of φ and Ω hadrons at RHIC and discuss the problem with the fit of J/ψ spectra. In Sec. 3, we propose a generalization of the hydroinspired blast-wave model accounting for flow fluctuations in the hydrodynamic source, and show that a consistent description of the φ, Ω and J/ψ transverse momentum spectra can be obtained within such a model with the uniform set of parameters. We conclude in Sec. 4.
2 Blast-wave model fits to transverse momentum spectra of φ and Ω at RHIC and problems with J/ψ spectra description
Let us start with the assumption that the momentum spectra of J/ψ, as well as φ and Ω hadrons, are frozen near the phase boundary in RHIC-energy collisions at T = 160 MeV. This value is close to the temperature of chemical freeze-out in these collisions [18] . We choose φ and Ω particles for comparison with J/ψ mesons because these particles are thought to have very small hadronic cross sections and their spectra are not expected to be significantly distorted by feed-down from resonance decays in relativistic heavy ion collisions. The assumption of coincidence of the kinetic freeze-out of these particles with the chemical one is supported in Ref. [19] where it is demonstrated that blast-wave model fit to the transverse mass spectra of these particles at RHIC yields T ≈ 160 MeV along with an average flow velocity v ≈ 0.45c. The latter is lower than that for hadrons strongly interacting in the hadron resonance gas, and, thereby, their chemical freeze-out precedes kinetic freeze-out.
3
It is worth to note that the inverse slope parameters for Ω and φ transverse momentum spectra do not change significantly with centrality [21, 22, 23] . Such a weak centrality dependence can be explained by the independence of the chemical freeze-out temperature of collision centrality that was observed in the chemical equilibrium model fit to particle number yields [24] . Such a weak centrality dependence also supports the coincidence of kinetic and chemical freeze-out for these particle species. Note that the insensitivity of the chemical freeze-out temperature on centrality is natural [25] if chemical freeze-out happens at the phase boundary [26] (see also recent review article [27] ). Then, to calculate transverse momentum spectra of J/ψ, φ and Ω particles we utilize the blast-wave formula [11] dN p T dp T dy
which follows from boost invariant parameterizations of freeze-out at τ = √ t 2 − z 2 = const under the assumption of homogeneous particle number density till r = R, where R is the transverse size of the system. Here I 0 and K 1 represent modified Bessel functions, and m T = p 2 T + m 2 . We utilize a constant temperature, T , across the freeze-out hypersurface and a linear transverse rapidity profile, y T = y max T r/R, where y max T = y T (R) is the maximal transverse rapidity. The collective radial expansion velocity, v, is then v = tanh y T , and v max = tanh y max T is the velocity at the surface and v ≡ v(r)rdr/ rdr is the mean transverse expansion velocity. Because we are interested only in the description of transverse spectrum slope, it is convenient to substitute r/R in Eq. (1) by x to obtain dN p T dp T dy
with α = y max T
. We check at first that assuming equal chemical and kinetic freeze out temperatures is a good approximation for φ and Ω (Ω ≡ Ω + + Ω − ) particle transverse momentum spectra at midrapidity. The corresponding experimental data for Au + Au collisions at
GeV for Ω baryons at the 0 − 10% centrality bin are taken from [21] (STAR Collaboration), and for φ mesons at 0 − 10% centrality from [22] (PHENIX Collaboration). As one can see from Fig. 1 , the shapes of the Ω and φ spectra are reproduced well by the blast-wave formula with fairly realistic parameters at chemical freeze-out: T = 160 MeV, α = 0.75, implying v max ≈ 0.635 and v ≈ 0.45. We also show in Fig. 1 the exponential fit to momentum spectra of φ mesons in the 0 − 10% centrality bin by STAR Collaboration [23] which we normalized to PHENIX data points. The STAR Collaboration demonstrated that φ meson momentum spectra are fitted well by an exponential function
where the slope parameter T exp ≈ 359 MeV for the 0 − 10% centrality bin. Note that the dN/dy results for φ mesons extracted by PHENIX and STAR Collaborations in this centrality bin are not in agreement, while, as is explicitly seen in Fig. 1 , there is no discrepancy between the measured spectrum slopes.
The results for momentum spectra of J/ψ with the same set of parameters are shown in Fig. 2 together with the data measured by the PHENIX Collaboration [10] for two centrality bins. One notices a good description of the high momentum part of J/ψ spectra by the blastwave model fit, but significant deviations for the data points at low momentum, leading to a too high effective temperature. The main reason for the higher effective temperature of J/ψ spectra in the low momentum region, see Fig. 2 , as compared with effective temperatures of φ and Ω spectra in the same region, see Fig. 1 , is the larger mass of the J/ψ particle. One may surmise that an appropriate off-mass shell hydro-inspired parametrization of J/ψ spectra, that includes low invariant mass contributions, could improve the description of the low momentum part of the spectra. Most naturally, such a parametrization -namely, a Breit-Wigner formula for the spectral function instead of the delta function approximation -appears because of a finite width of J/ψ meson. However, the corresponding calculations of J/ψ spectra with the same hydrodynamical parameters of the blast-wave model as for Ω and φ particles do not result in a significant improvement of the description of J/ψ spectra if experimental conditions are properly taken into account. Namely, as it is reported by the PHENIX Collaboration [10] , the J/ψ spectra at midrapidity are measured by counting lepton pairs in the invariant mass range 2.9GeV≤ M ≤3.3GeV, and such a narrow invariant mass window accompanied by the rather low decay width, Γ tot = 93.2 · 10 −6 GeV, does not result in noticeable deviation from on mass shell calculations.
These findings, at a first sight, might imply a contradiction with the good blast-wave model fits to φ and Ω transverse momentum spectra with chemical freeze-out hydrodynamical parameters. Consequently, the question arises: can J/ψ, φ and Ω transverse momentum spectra be coherently described by hydro-inspired parametrization with the same set of parameters?
3 Blast-wave model with fluctuating flow and description of J/ψ, φ and Ω transverse momentum spectra at RHIC.
To see what hydrodynamical parameters are required to describe the low p T region of J/ψ spectra, we perform a blast-wave model fit to the low momentum part of J/ψ spectra with the same temperature, T = 160 MeV, but considering the maximal transverse rapidity in (2), α, as free parameter. The results are demonstrated in Fig. 2 , where one can see that the blast-wave model with α = 0.55 (implying v max ≈ 0.5 and v ≈ 0.346) yields a good description of the low momentum part of the J/ψ spectrum. One may conclude that a reasonable blast-wave description of J/ψ spectra can be reached if the low momentum part of spectra is calculated with a relatively low hydrodynamical velocity parameter and high momentum part with relatively high one. But how it can be done consistently within the blast-wave model fit? Towards this end we note that for heavy particles the blast-wave fit with higher hydrodynamical velocity parameter α results in more extended and pronounced flat sector at low p T and in higher effective temperature at high p T as compared to the results for lower α. These qualitative features are shown in Fig. 2 for plots with α = 0.55 and α = 0.75. An explanation of this fact can be based on the simple approximation of integrand of Eq. (2). For fairly large values of the argument, z ≫ 1, the Bessel functions can be approximated as follows:
exp(−z). Using these approximations, which can be reasonable at p 2 T /mT > 1, as follows from an analysis below, one can provide an estimate for the integral (2) as follows: the value of x for which integrand of Eq. (2) is maximal is determined mostly by the maximum of the function
. Then we find that, for conditions p 2 T /mT > 1, justifying the exponential representation of the Bessel functions, and p T /m T < tanh α, accounting that x ≤ 1, the position of the maximum in x, x σ , is defined by the equation p T /m T = tanh αx σ , and the transverse momentum spectrum has a non-exponential p T -behavior because f (x σ , p T ) = exp(− m T ). Then, accounting for the pre-exponential factor, the spectra in the region considered have the following p T behavior: dN p T dp T dy
It leads to almost flat spectra in the low p T region. Note that such an effect of almost flat transverse spectra is pronounced only for fairly heavy particles with m ≫ T and large α ∼ 1 since only then it is possible to have experimentally noticeable p T -sector satisfying the conditions p T /m T < tanh α and p 2 T /mT > 1. If, otherwise, p T /m T > tanh α, then the maximum of the integral is reached at the border of the integration range, x σ = 1, and dN p T dp T dy
. For large p T : p T /m T ≈ 1, the latter formula can be rewritten as dN p T dp T dy
), where the effective slope of the exponential spectrum T ef f = T 1+tanh α 1−tanh α grows with increasing α. The idea to describe the J/ψ spectra, without adding a non-thermal contribution, is then the following: since the J/ψ meson is rather heavy, m ≈ 3.1 GeV, the effect of a quasi-flat spectral distribution at low p T is quite noticeable and practically does not depend on the parameter α in the region of fairly large values: α ∼ 1. However, at small values of α, α ≪ 1, the spectral shape changes to an exponential distribution instead of being flat (see our analysis above) and its slope begins to depend significantly on α, similar to the behavior of the spectral shape in the high p T region for all values of α. Consequently, a variation of α acts in an asymmetric way on the low-and high-momentum parts of the transverse spectra of heavy particles. This observation suggests to add, in blast-wave model with α = 0.75 (α = 0.75 is the value of the parameter of blast-wave fit to spectra of relatively light particles φ and Ω) a distribution of flow contributions with α < 0.75 and flow contributions with α > 0.75. Such a distribution is expected from the fluctuations of hydrodynamic flow. The "soft" flow contributions change the flat J/ψ spectra behavior to a decreasing one in the low p T region, and "strong" flow contributions compensate the steep decreasing of the transverse momentum spectra associated with "soft" flows in the high p T region. In this way an appropriate effective temperature can be obtained over the whole p T region measured for J/ψ. Evidently, the above described scenario can be realized by means of the blast-wave model with transverse flow fluctuations, although one might question whether J/ψ, φ and Ω spectra can be described by such a model with the same set of parameters. Here we do not derive an ensemble of flow distributions based on realistic fluctuating initial conditions and compare it with experimental data. Instead we just demonstrate that this method brings a good description of the data even with simplest prescriptions for such an ensemble.
The transverse spectra averaged over ensemble has a form:
We consider the two typical and, is some sense, opposite cases of distributions in α. Firstly, we assume a flat in α distribution, G(α) = 1, with minimal, α min , and maximal, α max , limits considered as free fit parameters. Secondly, we assume a Gaussian form for the maximal hydrodynamical velocities distribution, v max = tanh α, namely:
, with α min = 0 (v min max = 0), and α max = ∞ (v max max = 1). Note that, for such a distribution, there is no explicit cutoff of high α contributions, the convergence of the integral takes place because of the main contribution at high α happens at small x ∼ 1/α, it leads to the cutoff factor 1/α 2 as in the approximation ( Figs. 3 and 4 for Ω, φ and J/ψ transverse momentum spectra, respectively.
We conclude that the blast-wave model with hydrodynamical flow fluctuations is consistent with the data: the transverse momentum spectra for J/ψ, φ and Ω are described well simultaneously. Using the same parameters of the freeze-out temperature and flows, we also calculate our predictions for transverse momentum spectrum of ψ ′ mesons (ψ(2S), m ≈ 3.686 GeV) in the same p T region as for J/ψ. We find that blast-wave plot of ψ ′ mesons is well fitted by Eq. (3) with T ef f = 610 MeV over the whole p T region for both parameterizations.
Our results demonstrate that the SHM supplemented with fluctuations of hydrodynamical flow yields a very good description of the shapes of transverse momentum distributions for hadrons whose momentum spectra become frozen out at or immediately after hadronization. Note that the assumption of transverse hydrodynamical flow fluctuations in relativistic heavy ion collisions is quite natural. Due to finite size of the systems, large fluctuations are expected in the initial stage of the nuclear collisions, even for a fixed impact parameter, and various event generators do show such effects. 4 While a early thermalization in relativistic heavy ion collisions is doubtful now [29] (for review see also [30] and references therein), the initial inhomogeneities can result in fluctuating initial conditions for hydrodynamical expansion. Since the hydrodynamical equations are nonlinear, the event average of any hydrodynamical parameter (in other words, average over solutions of hydrodynamical equations) is quite different from that for a smooth initial configuration, and results in the large differences in spectra from hydrodynamical calculations with averaged initial conditions. This fact was pointed out and explicitly demonstrated in event-by-event hydrodynamic simulations based on smoothed particle hydrodynamics code, see Ref. [31] for review and Ref. [32] for recent results. The fluctuations of transverse flows in non-cental collisions are considered also in Ref. [33] . Note that relatively high transverse velocities as compared to those resulting from standard (with average initial conditions) ideal hydrodynamic simulations for T = 160 MeV isotherm can appear [34] as a result of developing of initial transverse velocities at pre-thermal partonic stage (with subsequent rapid thermalization) and viscous effects. The latter leads to a decrease of the longitudinal velocity and increase of transverse velocity.
Summary and conclusions
In this letter we have shown that the data on transverse momentum spectra for J/ψ mesons at RHIC energy do not necessarily imply essential non-thermal J/ψ emission. Rather, they are here interpreted as an evidence for flow fluctuations at RHIC. We have analyzed J/ψ, φ and Ω transverse momentum spectra at midrapidity within the framework of the blast-wave model, accounting for fluctuations in the collective transverse velocities and demonstrated that the present data at RHIC energy are compatible with the picture in which J/ψ, φ and Ω momentum distributions freeze-out coincident with chemical freeze-out. We have shown that this very simple approach can give a good description of the transverse momentum spectra of these particles over a rather wide p T region. Good agreement with data is found with T = 160 MeV for two typical parameterizations of collective transverse velocity fluctuations of hadronizing QGP. We conclude that also the charmonium transverse momentum data support the statistical hadronizanion model [4, 5, 6] which was successfully applied earlier for a description of charmonium multiplicities in relativistic heavy ion collisions. Our results lend further support for the scenario of simultaneous hadronization and thermal freeze-out for J/ψ, φ and Ω hadrons. Our hydro-inspired parametrization is in good agreement with the available data and provides a useful tool to better understand the systematics of RHIC data. with the results of blast-wave model (2) fit which are indicated by the solid lines, while the dashed line represents the exponential fit (3) to momentum spectra of φ mesons by the STAR Collaboration [23] which we normalized to the PHENIX data points. Experimental data for φ and Ω are from Refs. [22] and [21] respectively. Statistical error bars are shown for φ mesons, and total (statistical and systematic) error bars are presented for Ω hyperons. .
